The extracellular matrix (ECM) protein thrombospondin (TSP) binds specifically to polymorphonuclear leucocyte (PMN) surface receptors and promotes cell adhesion and motility. TSP receptor expression increases 30-fold after activation with the synthetic chemotactic peptide, N-formylmethionyl-leucylphenylalanine (FMLP) or the Ca2+ ionophore A23187, in combination with cytochalasin B. The expression of TSP receptors was correlated with the exocytosis of both specific and azurophil granules. Newly expressed TSP receptors are not derived from easily mobilized specific granules since agents that trigger some specific granule release [phorbol myristate acetate (PMA), FMLP or ionophore A23187 alone] do not increase TSP receptor expression. In this study we used the anion-channel blocker, 4,4'-di-isothiocyanatostilbene-2,2'-disulphonic acid (DIDS) to investigate the source of these newly expressed receptors. When PMNs were exposed to cytochalasin B and FMLP or to cytochalasin B and ionophore A23187 in the presence of 30-100 1tM-DIDS, TSP receptor expression increased coincidently with vitamin B12-binding protein release from specific granules. Under these same conditions, the release of the azurophil granule component, myeloperoxidase, was significantly inhibited. Using agonists that cause release of specific granules, or both specific granules and azurophil granules, we determined that DIDS blocked the release of PMA-mobilized specific granules and cytochalasin B plus FMLP-or cytochalasin B plus ionophore A23 187-mobilized myeloperoxidase-containing azurophil granules but not specific granules mobilized by cytochalasin B plus FMLP or cytochalasin B plus ionophore A23 187. These results suggested that PMNs contain at least two subpopulations of specific granules: one that is easily mobilized, lacks TSP receptors and is inhibitable by DIDS, and one that is difficult to mobilize, contains a large pool of TSP receptors and the release of which is enhanced in the presence of DIDS.
INTRODUCTION
The accumulation of polymorphonuclear leucocytes (PMNs) at sites of inflammation and injury is generally attributed to the presence of specific chemoattractants and increased PMN adherence to endothelial cells and/or subendothelial-extracellularmatrix (ECM) proteins. Chemoattractants not only direct the movement of PMNs but can also trigger superoxide production, increased cell adherence and degranulation [1] . Although increased receptor expression is not a prerequisite for PMN adherence [2, 3] , it often accompanies activation (degranulation) and may contribute to the formation of new adhesion sites during cell locomotion.
The deposition of the ECM protein, thrombospondin (TSP), along blood vessel walls [4, 5] may contribute to the accumulation of PMNs at injury sites. Normally, the levels of TSP in plasma are low (picomolar range), but on platelet activation, TSP released from alpha-granules can lead to an increase in the serum concentration to the nanomolar range [6] . Endothelial cells, smooth muscle cells, fibroblasts, epithelial cells, PMNs and monocytes may also contribute to increased concentrations of TSP [7] [8] [9] [10] [11] [12] [13] .
In comparison with other ECM proteins such as fibronectin and laminin, TSP is a more transient component of the ECM, appearing early in blood clots and at sites of tissue damage, but disappearing from these sites as the healing process progresses [14, 15] . The binding of TSP to endothelial cells [16] or to other ECM proteins in the subendothelial basement membrane [6, 17, 18] may be crucial for the attachment of PMNs before chemotaxis and diapedesis. The interaction of PMNs with TSP may also trigger degranulation and the release of proteolytic enzymes necessary for PMN migration through the basement membrane [19] . A significant increase in TSP receptor expression after degranulation could modulate the interaction of PMNs with TSP-coated substrates and TSP-opsonized bacteria to facilitate motility and phagocytosis. Consistent with a role for TSP in PMN functional responses are the observations that TSP binds to specific cell surface receptors [20] and promotes attachment, spreading and motility of human PMNs in vitro [21, 22] .
The intracellular source of many newly expressed PMN cellsurface receptors appears to be specific granules, and in some cases, tertiary granules. CDl lb/CD18, CDl lc/CD18, T200 and N-formylmethionyl-leucylphenylalanine (FMLP) receptor expression correlates with the release of gelatinase (a tertiary and specific granule component), lactoferrin (specific granule) and vitamin B12-binding protein (specific granule) [23] [24] [25] [26] [27] , thereby suggesting secretory granules as the intracellular source of these receptors. The cosedimentation of these receptors with gelatinaseand vitamin B12-binding protein-containing secretory vesicles in sucrose gradients further supports this hypothesis [24, 25, [27] [28] [29] . Laminin and CR1 receptor expression are also increased under conditions that result in specific granule release [30, 31] . However, in contrast with the other receptors studied, CR1 receptors do not appear to co-localize with specific granules [31] . Recently, Singer et al. [32] localized receptors for the ECM proteins, laminin, vitronectin and fibronectin, to specific granules. Activation of PMNs with either phorbol myristate acetate (PMA) or FMLP induced fusion of specific granules with the cell membrane and resulted in the increased surface expression of both laminin receptors and CD18 antigens [32] . be central to such processes as oxidant production and chemotaxis [23, 33, 34] . For example, increasing the number of FMLP receptors on the cell surface can increase the amount of FMLPmediated oxidant production in PMNs [23, 33] . In addition, the movement of PMNs towards gradients of chemotactic factors appears to require reversible adhesive interactions that are sufficiently strong to allow substrate attachment but weak enough to allow subsequent detachment [35] . The removal of occupied receptors from the surface by endocytosis [23, [36] [37] [38] and appearance of new receptors from preformed intracellular pools provides a mechanism by which PMNs could cycle through rounds of increased and decreased substrate attachment while continuing to move along a chemotactic gradient.
The migration of PMNs into sites rich in ECM proteins may also stimulate PMN phagocytosis of opsonized targets. It has been demonstrated that soluble fibronectin can enhance phagocytosis of complement-opsonized erythrocytes but only if PMNs have been activated first with C5a or FMLP [39] . This indicates that some change in complement receptors (CR1 or CR3) accompanies activation. This change may occur through an increase in the number of receptors expressed from intracellular stores or a redistribution and/or alteration in the conformation of receptors already expressed on the cell surface [31, [40] [41] [42] . It is possible that both mechanisms, receptor expression and receptor conformation, are required for ECM-mediated phagocytosis.
In previous studies, we have used competitive binding assays to demonstrate that TSP receptor expression was increased 30-fold when cells were activated with cytochalasin B and FMLP [20] . These same conditions result in a significant release of both specific and azurophil granules [43] , raising the possibility that TSP receptors could be intracellularly sequestered in azurophil or specific granules, or in both granule types. In the present study, we correlated the release of secretory granule components with the expression of TSP receptors in an attempt to determine the intracellular source of these receptors. The anion-channel blocker 4,4'-di-isothiocyanatostilbene-2,2'-disulphonic acid (DIDS), which blocked azurophil granule and some specific granule release, provided a useful tool for delineating a subpopulation of specific granules, the release of which correlated with TSP receptor expression.
MATERIALS AND METHODS Cells
Human PMNs were isolated from human peripheral blood as previously described [44] . Briefly, fresh whole blood was obtained by venipuncture from healthy volunteers and immediately added to acid citrate dextrose. The PMNs were purified by dextran sedimentation followed by hypo-osmotic lysis to remove the majority of erythrocytes and then centrifuged through FicollPaque (Pharmacia Fine Chemicals, Piscataway, NJ, U.S.A) to remove contaminating mononuclear cells. This purification scheme yields at least 98 % PMNs with few contaminating platelets and a viability of > 95 % as determined by Trypan Blue exclusion.
Materials
Catalase (bovine liver; 11 800 units/mg), methionine, sodium azide, FMLP, PMA, DIDS and cytochalasin B were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.), and ionophore A23187 was from Calbiochem (San Diego, CA, U.S.A). 57Co-labelled vitamin B12 was purchased from Amersham (Arlington Heights, IL, U.S.A.). Human TSP was isolated from the supernatant of thrombin-activated platelets by affinity chromatography over gelatin-Sepharose and heparin-Sepharose (Pharmacia Fine Chemicals) followed by gel filtration (Bio-Gel A 0.5M; Bio-Rad Laboratories, Richmond, CA, U.S.A.) as outlined in Dixit et al. [45] . TSP was concentrated in an ultrafiltration cell (Amicon Corp., Danvers, MA, U.S.A.), and stored at -70 'C. For binding studies, TSP was iodinated to a specific radioactivity of 0.1 ,Ci/,ug using the iodogen method of Fraker and Speck [46] . Assays for secretory granule components Neutrophils (5 x 106/ml) were suspended in Ca2+/Mg2+ phosphate-buffered saline (PBS) (138 mM-NaCl, 2.7 mM-KCl, 8 .1 mM-Na2HPO4, 0.6 mM-CaCl2 and 1.0 mM-MgCl2), prewarmed to 37 'C for 3 min in the presence or absence of 5 jig of cytochalasin B/ml, and stimulated with the indicated agonist for 10 min at 37 'C. Sodium azide (1 mM) was included in vitamin B12-binding protein assays to reduce its destruction by secreted myeloperoxidase [47] . Catalase (5000 units/ml), a scavenger of H20 was also included in some vitamin B12- To determine the reversible nature of DIDS, PMNs (5 x 106/ ml) were incubated with DIDS at 37 'C for 15 min, centrifuged at 750 g, washed twice in PBS, allowed to recover for 15 min at room temperature, and then pelleted and resuspended in Ca2+/Mg2+ PBS. These cells were then exposed to FMLP plus cytochalasin B and secretion was evaluated. Untreated PMNs and PMNs exposed to DIDS for 3 min before stimulation served as controls.
In order to test the direct effect of DIDS on the assay system, PMNs were stimulated with 10 /SM-ionophore A23187 in the presence of cytochalasin B. The cells were pelleted and the supernatants harvested. Portions of the supernatants were exposed to various concentrations of DIDS for 10 min at 37 'C. These supernatants were then compared with supernatants from cells pretreated with DIDS and untreated supernatants.
Binding assays
PMNs (1 x 107/ml) were incubated in blocking buffer [modified Eagle's medium (MEM) containing 1 % BSA] for 45 min at 4 'C to decrease non-specific TSP binding. Cells were washed once in MEM and resuspended at 2 x l07 cells/ml in binding buffer (MEM containing 0.1 % BSA). Binding assays were conducted in 200,l of binding buffer in 1.5 ml microfuge tubes that had been precoated with blocking buffer. Specifically, 100,u of the cell suspension was added to microfuge tubes containing various concentrations of'25I-labelled TSP suspended in 100,ul of binding buffer and incubated for 60 min at 4 'C [20] . After incubation, the samples were layered on to a 175 u1 sucrose cushion (15 %) and centrifuged at 4 'C in a Beckman microfuge B (Beckman Instruments, Palo Alto, CA, U.S.A.) at 10000 g for 2 min. The cell pellets were frozen in ethanol/solid C02, cut from the tubes and radioactivity was counted on an LKB 1261 Multigamma gamma counter (LKB, Bromma, Sweden). Specific TSP binding was determined by performing binding assays in the presence of a 100-fold molar excess of unlabelled TSP over a concentration range of 0.5-16 /pg/ml. Catalase (5000 units/ml), a scavenger of H202, was included in some binding assays. The number of sites/cell and relative affinity were determined by both Scatchard and non-linear curve-fitting analyses [20] .
RESULTS
Unactivated (resting) PMNs have low number ofTSP receptors on their cell surface (about 2400 + 600 receptors/cell), and exposing them to PMA (15 ng/ml), FMLP (0.1 #M) or ionophore Table 1 . Thrombospondin receptor expression on human neutrophils after activation PMNs were incubated with agonist for 10 min at 37°C, in the absence or presence of 5 ,ug of cytochalasin B/ml, washed twice in ice-cold DMEM, and resuspended in MEM containing I % BSA for 45 min at 4°C to decrease non-specific binding. Cells were washed once in MEM and resuspended in MEM +0.1 % BSA containing 0.5-16,ag of .25I-labelled TSP/ml, in the absence or presence of a 100-fold excess of unlabelled TSP, and incubated for 60 min at 4 'C. After incubation, the cells were layered on to a sucrose cushion and centrifuged at 10000 g for 2 min at 4 'C. Cell pellets were frozen in ethanol/solid CO2, cut from the tubes, and radioactivity was counted on a gamma counter. Scatchard analysis of the saturated binding curves was used to estimate the number of TSP binding sites/cell. Cells exposed to 5 However, as indicated in Table 1 , not all agonist-stimulated specific granule release led to increased TSP receptor expression.
Vol. 284 In an attempt to distinguish between populations of specific granules, we examined the effect of DIDS on granule release using PMA, ionophore A23187 or FMLP in the absence of cytochalasin B, conditions that promote the release of only easily mobilized specific granules. In the absence of cytochalasin B, DIDS had variable effects on agonist-stimulated vitamin B12-binding protein release (Fig. 3) Although it had been previously reported that DIDS blocked the exocytosis of azurophil granules [53] , the direct effect of DIDS on the measurement of myeloperoxidase was not demonstrated. In contrast with the assay for fl-glucuronidase (results (Table 3) . Substituting azide for catalase did not result in the same observed increase in receptor expression (a 1.3-fold increase for azide compared with a 2.7-fold increase for catalase) suggesting that this damage is mediated primarily through H202 rather than myeloperoxidase/H202 (results not shown). The apparent enhancement of both vitamin B12-binding protein release and TSP receptor expression was not the result of DIDS inhibition of PMN superoxide generation since 60 ,tM-DIDS did not affect superoxide production in response to the agonists used in this study (results not shown). This is consistent with reports from several other laboratories showing that 100 4uM-DIDS had no effect on the respiratory burst elicited by a number of different agonists [51] [52] [53] 56] .
DISCUSSION
Evidence indicating that PMN cell surface receptors are regulated by diverse molecular mechanisms has been mounting over the past several years. For example, secretagogues such as PMA, FMLP or C5a increase FMLP and casein receptor expression but decrease the expression of C5a receptors [57] . PMN activation also results in the loss of gplOOmel-l4, a PMN adhesion receptor related to lymphocyte MEL-14, from the cell surface with a concomitant increase in CD 11 b/CD 18 receptors [58, 59] . These examples demonstrate overt changes in receptor expression, i.e. receptors are either lost from or added to the cell surface. However, other examples of receptor modulation demonstrate more subtle variations. Exposing PMNs to cytochalasin B alone at 37°C triggers about a 2-fold increase in FMLP receptors whereas FMLP plus cytochalasin B increases receptor expression 3-fold [57] . In contrast with FMLP receptors, cytoVol. 284 chalasin B alone has no effect on casein receptors but cytochalasin B plus FMLP increases casein receptor expression about 15- fold. PMA causes approximately a 2-fold increase in FMLP receptors and about a 4-fold increase in casein receptors. Since one mechanism for regulating receptor expression on PMNs involves the translocation of receptors from intracellular storage sites to the plasma membrane during cell activation, one interpretation of these data is that different agonists mobilize different subpopulations of secretory granules.
The possibility that the same receptor might reside within two different granule populations in PMNs did not evolve until fairly recently. Initial observations suggested that increased CD llb/ CD18 and CD45 receptor expression occur under conditions that do not correlate with the release of specific granule contents. These experiments suggest that at least one additional intracellular pool exists for these receptors [24] [25] [26] . Recently, it was demonstrated that gelatinase-containing tertiary granules release their contents under conditions that lead to increased FMLP, CDllb/CD 18 and CD45 receptor expression [24, 60] . This evidence further suggested that tertiary granules might serve as a second intracellular source of these receptors. Although gelatinase-containing tertiary granules and vitamin B12-binding protein-containing specific granules differentially sediment on sucrose gradients during PMN subcellular fractionation [24, 61] , the existence of distinct 'tertiary' granules has recently been questioned. Double-label immunolocalization experiments using antibodies against lactoferrin, a specific granule marker, and gelatinase demonstrated co-localization of these two antigens in 80 % of the specific granules [62] . Since tertiary granules were originally defined using cell fractionation and functional criteria, it is conceivable that tertiary granules constitute a subpopulation of specific granules. Although there appears to be a graded degranulation response of PMNs to various stimuli, the possible heterogeneity of specific granules has not been fully explored. In one of the few reports addressing specific granule heterogeneity, Perez et al. [63] In addition to specific and tertiary granules, another potential intracellular source of CD1lb/CD 18 and FMLP receptors has recently been identified in PMNs [64] . This intracellular compartment has been characterized by its latent alkaline phosphatase activity. The concentration of FMLP (nanomolar range) required to release 90% of this latent alkaline phosphatase activity results in only a minimal release of vitamin B12-binding protein and gelatinase. Ultrastructural localization of alkaline phosphatase activity in resting PMNs has identified a granule type distinct from previously described azurophil and specific granules [65] . Whether this granule type also contains some specific granule components remains to be determined.
In the present study, we used DIDS to distinguish between two subpopulations of specific granules in PMNs, one that was easily mobilized, lacked TSP receptors and was sensitive to DIDS, and a second that was difficult to mobilize, contained a large pool of TSP receptors and the release of which was unaffected by DIDS. In earlier studies on PMNs, it was reported that anion-channel blockers such as DIDS and SITS interfered with immune complex-or calcium ionophore-mediated lysozomal enzyme release [51] . The interpretation of these findings was that anionchannel blockers somehow interfered with lysosomal membraneplasma membrane fusion. A subsequent publication showed that DIDS and SITS inhibited anion fluxes in PMNs which correlated with inhibition of degranulation [52] . Unfortunately, these studies relied exclusively on assays for lysozyme and ,3-glucuronidase to assess granule release, assays that are impeded by the presence of DIDS. DIDS has also been shown to inhibit myeloperoxidase release significantly in response to cytochalasin B and FMLP, leukotriene B4, platelet-activating factor or PMA [53] . However, the fate of specific granules was not addressed. Other groups have reported that DIDS blocks CDl lb/CD 18 and CR1 receptor expression, presumably by blocking the release of specific granules [3, 54] . These studies on both degranulation and receptor expression indicate that anion-channel blockers generally inhibit degranulation. However, by assaying for both specific granule and azurophil granule contents, as well as measuring TSP receptor expression, we have identified a specific granule subpopulation that is insensitive to DIDS.
Recently, some of the older studies that reported using anionchannel blockers to block exocytosis have been reassessed. A recent study examining thrombin-induced secretion in platelets demonstrated that DIDS and SITS inactivated the agonist rather than blocking exocytosis as had been previously reported [55] . This same study also indicated that anion-channel blockers interfered with the detection of lysozyme and,-glucuronidase, but not degranulation, in PMNs. Unfortunately, these authors only evaluated the effect of a single concentration of DIDS on the measurement of fl-glucuronidase and compared this finding with published data from other laboratories rather than comparing it with PMNs exposed to DIDS in their own assay system. We also noted that DIDS affected the assay for /J-glucuronidase, but the inhibition was not as great as that seen when PMNs were pretreated with DIDS and then activated (results not shown). This suggested that DIDS might also be blocking exocytosis. Along these same lines, Korchak et al. [52] noted that, although concentrations of SITS and DIDS greater than 100 /M inhibited the assays for fl-glucuronidase and lysozyme, they were able to correct for this inhibitory effect making it possible to demonstrate that these anion-channel blockers did inhibit degranulation.
In contrast with the effect of DIDS on the assay systems for lysozyme and ,-glucuronidase, no effect was observed in our measurements of vitamin B12-binding protein or myeloperoxidase. The inhibition of myeloperoxidase release at> 100 /M-DIDS indicated that cytochalasin B/A23187-stimulated azurophil granule release was being blocked under these conditions. Whether this population of azurophil granules is the same as those containing /J-glucuronidase is unresolved at this time. Interestingly, DIDS affected specific granule release (in the absence of cytochalasin B) differentially depending on the specific agonist employed. DIDS inhibited PMA-mediated vitaminB12-binding protein release and appeared to increase FMLP-mediated release, but had no effect on ionophore A23 187-mediated release. These findings demonstrated that DIDS does not globally inhibit PMN granule release. The differential effect of DIDS on specific granule release indicated that different regulatory mechanisms may be involved in the release of subpopulations of specific granules. In general, our findings support earlier reports that anion-channel blockers inhibit PMN degranulation, but also suggest the existence of granule populations the exocytosis of which is not susceptible to DIDS treatment.
The apparent enhancement in vitamin B.2-binding protein release and TSP receptor expression in the presence of DIDS correlates with the inhibition of azurophil granule release. Damaging oxidants, specifically H202, released during degranulation may destroy agonists, secretory products and receptors alike. Gresham et al. [66] demonstrated that Arg-GlyAsp (RGD)-mediated phagocytosis in PMNs was enhanced 2-3-fold in the presence of catalase, a scavenger for H202. The inclusion of catalase also resulted in a 9-fold increase in RGD binding to PMNs, suggesting that the effect of catalase was on ligand-receptor interactions rather than on phagocytosis [66] . Similar results were observed by Winn et al. [67] when they examined serum-activated zymosan stimulated oxidant production. PMNs treated with micromolar concentrations of H202 had a suppressed response to serum-activated zymosan whereas exogenously added catalase removed the inhibitory effect of H202' When catalase alone was added to PMNs before stimulation with serum-activated zymosan, their response was enhanced significantly above control cells. The authors' interpretation of this finding was that H202 produced extracellularly during the respiratory burst normally exerts a negative feedback effect, decreasing the overall magnitude of the response.
H202 generated during phagocytosis has also been shown to oxidize FMLP, a process inhibited by catalase [68] . Inactivation of a fraction of FMLP during degranulation may provide some explanation for the elevated concentrations of vitamin B12-binding protein observed in the presence of DIDS, but a more likely explanation is a direct effect of H202 on vitamin B12-binding protein itself. Clark and Borregaard [47] demonstrated that about 50 % of the vitamin B12-binding protein released from PMNs during activation is destroyed by damaging oxidants. The inclusion of catalase with cells during activation increased the recovery of vitamin B12-binding protein to about 800%. The inability of catalase to scavenge released H202 efficiently [69] would explain the incomplete recovery of vitamin B12-binding protein in the above study [47] Tables 2 and 3 ). Since DIDS does not appear to affect oxidant production directly, as measured by 02-generation, our data would indicate that some azurophil-granulederived component or components contribute to oxidant damage. The inability of azide to duplicate the catalase effect suggests that this component is not solely myeloperoxidase. An alternative interpretation of our data would involve a direct effect of DIDS on H202 to neutralize oxidative damage. At present, this issue remains unresolved.
The functional data obtained in our studies and those of other investigators indicate that there is a certain amount of heterogeneity among specific granules. Cell fractionation studies have demonstrated size and density differences among specific granules [70] but overlapping granule constituents have hindered the identification of distinct specific granule subpopulations. The co-localization of specific granule constituents and sequestered membrane proteins (i.e. laminin and TSP receptors) should provide a powerful tool for characterizing specific granule subpopulations. The differential mobilization of azurophil and specific granules, and the ability to alter this mobilization with DIDS, can be used to isolate and characterize subpopulations of specific granules.
